Identification and functions of new transporters in yeast mitochondria  by Palmieri, Luigi et al.
Identi¢cation and functions of new transporters in yeast mitochondria
Luigi Palmieri a;*, Francesco M. Lasorsa a, Angelo Vozza a, Gennaro Agrimi a,
Giuseppe Fiermonte a, Michael J. Runswick b, John E. Walker b, Ferdinando Palmieri a
a Department of Pharmaco-Biology, Laboratory of Biochemistry and Molecular Biology, University of Bari, Via Orabona 4,
70125 Bari, Italy
b The M.R.C. Dunn Human Nutrition Unit, Hills Road, Cambridge CB2 2DH, UK
Abstract
The genome of Saccharomyces cerevisiae encodes 35 putative members of the mitochondrial carrier family. Known
members of this family transport substrates and products across the inner membranes of mitochondria. We are attempting to
identify the functions of the yeast mitochondrial transporters via high-yield expression in Escherichia coli and/or S. cerevisiae,
purification and reconstitution of their protein products into liposomes, where their transport properties are investigated.
With this strategy, we have already identified the functions of seven S. cerevisiae gene products, whose structural and
functional properties assigned them to the mitochondrial carrier family. The functional information obtained in the
reconstituted system and the use of knock-out yeast strains can be usefully exploited for the investigation of the physiological
role of individual transporters. Furthermore, the yeast carrier sequences can be used to identify the orthologous proteins in
other organisms, including man. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
In addition to providing most cellular energy in
the form of ATP by oxidative phosphorylation, mi-
tochondria are involved in many metabolic processes
which require the participation of both intra- and
extra-mitochondrial enzyme reactions. Hence, in fac-
ultative aerobic eukaryotes, such as Saccharomyces
cerevisiae, mitochondria are indispensable for growth
even under anaerobic conditions. The concerted
function of the cytosolic and mitochondrial compart-
ments requires the presence of speci¢c carrier pro-
teins that catalyze the transport of various metabo-
lites across the inner mitochondrial membrane.
Whereas the pioneering work in the ¢eld of mito-
chondrial metabolite transport was carried out with
isolated mitochondria, in more recent years research
has moved in two directions. On the one hand, single
carrier proteins have been isolated and their kinetic
properties have been elucidated upon reconstitution
into lipid vesicles. On the other hand, several labo-
ratories have taken up the task of determining their
primary structure through a combination of direct
amino acid sequencing and cDNA sequencing. De-
spite much e¡ort over the past two decades, the in-
ability to obtain su⁄cient quantities of puri¢ed mi-
tochondrial transporters has signi¢cantly hindered
the acquisition of structural and functional informa-
tion. Thus, only six mitochondrial carriers have been
biochemically and structurally identi¢ed by this
route. These studies, however, have led to the recog-
nition of distinct common sequence features and
0005-2728 / 00 / $ ^ see front matter ß 2000 Elsevier Science B.V. All rights reserved.
PII: S 0 0 0 5 - 2 7 2 8 ( 0 0 ) 0 0 1 7 3 - 0
* Corresponding author. Fax: +39-80-544-2770;
E-mail : lpalm@farmbiol.uniba.it
BBABIO 44928 7-8-00
Biochimica et Biophysica Acta 1459 (2000) 363^369
www.elsevier.com/locate/bba
hence to the important concept of a family of struc-
turally related mitochondrial carrier proteins (for
reviews see Refs. [1^4]). Based on the structural
features of this protein family, the genome of
S. cerevisiae encodes 35 putative mitochondrial car-
riers. When our work began, only the three isoforms
of the ADP/ATP carrier and the transport proteins
for phosphate and citrate had already been identi¢ed
(for a review see Ref. [5]). In order to identify the
function of the remaining 30 yeast genes, each gene
product was over-produced in Escherichia coli, puri-
¢ed and reconstituted by a procedure originally de-
scribed for the bacterial overproduction and func-
tional reconstitution of the bovine oxoglutarate
carrier [6]. Alternatively, the putative mitochondrial
carriers were overexpressed in S. cerevisiae and puri-
¢ed from isolated mitochondria before reconstitu-
tion.
S. cerevisiae is a valuable resource for examining
mitochondrial carrier functions for at least two rea-
sons. First, considerable genetic and metabolic infor-
mation about this ‘model’ organism is available and
genetically manipulating it is fairly easy. Second,
since after the completion of the fungal genome all
yeast putative mitochondrial carriers are accounted
for, comparison with the sequences of known mito-
chondrial carriers from other sources (mammals) can
be reasonably predictive of the function of the yeast
sequences sharing the highest degree of similarity.
Furthermore, once a single member of a cluster of
related sequences is identi¢ed, then this information
can be somewhat suggestive of the function of other
members of the cluster. This experimental approach
has already enabled seven mitochondrial transporters
and their respective genes in S. cerevisiae to be iden-
ti¢ed.
2. Succinate^fumarate carrier
S. cerevisiae cells lacking the SFC1 gene (previ-
ously known as ACR1) are unable to grow on etha-
nol or acetate as the sole carbon source [7]. In yeast,
ethanol and acetate are converted to acetyl-CoA
which is fed into the glyoxylate and tricarboxylate
cycles. Succinate, one of the principal products of
the glyoxylate pathway, is produced in the cytosol
from isocitrate. As succinate dehydrogenase is acces-
sible to succinate only from the mitochondrial matrix
side, the succinate produced in the cytosol has to be
imported into mitochondria. Upon reconstitution
into liposomes, the bacterially expressed Sfc1p was
shown to catalyze the transport of succinate and fu-
marate by a strict counter-exchange mechanism [8].
With much lower a⁄nity oxoglutarate and oxaloace-
tate were also transported. Therefore, we proposed
that the metabolic signi¢cance of the succinate^fu-
marate carrier in S. cerevisiae is to transport succi-
nate, produced in the cytosol by the glyoxylate path-
way, into the mitochondrial matrix in exchange for
fumarate [8]. Fumarate exported to the cytosol in
exchange with succinate by the succinate^fumarate
carrier is funneled into the gluconeogenic pathway
which is indispensable for S. cerevisiae growth on
ethanol or acetate. In agreement with our conclu-
sions, Bojunga et al. [9] and Redruello et al. [10]
have recently demonstrated that the induction of
SFC1 is strictly co-regulated with the genes encoding
key enzymes of the glyoxylate cycle (isocitrate lyase
and malate synthetase) and gluconeogenesis (phos-
phoenolpyruvate carboxykinase and fructose-1,6-bi-
phosphatase).
3. Ornithine carrier
Yeast cells with mutations in the ORT1 gene (pre-
viously known as ARG11) grow poorly in the ab-
sence of arginine [11]. The biosynthesis of arginine
in S. cerevisiae involves ¢ve enzymes in the matrix of
mitochondria, that produce ornithine from imported
glutamate, and three enzymes in the cytosol, that
convert ornithine exported from the mitochondria
into arginine. Therefore, it was proposed by Crabeel
et al. [11] that Ort1p either imported glutamate into
the mitochondrion, or exported ornithine from the
organelle to the cytosol. Our studies of the transport
properties of the bacterially-expressed and reconsti-
tuted Ort1p have shown that it is an ornithine carrier
since it catalyzed ornithine transport in exchange for
H and the ornithine/ornithine exchange [12]. Be-
sides ornithine, reconstituted Ort1p transported argi-
nine and lysine less e⁄ciently but failed to transport
citrulline and histidine at all. Thus, the substrate
speci¢city of Ort1p is con¢ned to a narrow range
of basic amino acids, and is similar to that of the
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rat ornithine carrier [13,14], except that citrulline is
not transported by the yeast protein. On the basis of
these ¢ndings, we proposed that the main physiolog-
ical role of the yeast ornithine carrier is to transport
ornithine in exchange for H at the expense of the
proton motive force from the mitochondrial matrix
to the cytosol where it is converted into arginine and
polyamines. At high cytosolic concentrations of argi-
nine or lysine, the ornithine carrier can catalyze the
entry of arginine or lysine into mitochondria in ex-
change for ornithine. In the mitochondrial matrix,
arginine and lysine are consumed in protein synthesis
and arginine inhibits acetylglutamate synthase and
acetylglutamate kinase, the ¢rst two enzymes of its
biosynthetic pathway, in a feedback mechanism. Re-
cent work on mitochondria isolated from an ORT1
knock-out strain has con¢rmed our ¢ndings [15]. The
ornithine carrier puri¢ed, but not sequenced, from
rat liver mitochondria [13] transports ornithine, ly-
sine, arginine and citrulline by an electroneutral anti-
port mechanism [13,16]. In addition to the ornithine/
citrulline exchange, the puri¢ed rat protein catalyzes
an ornithine/H exchange although with a lower ef-
¢ciency [17]. Therefore, the mammalian carrier seems
to have evolved to accept citrulline as substrate, and
ful¢ll the important function of exchanging cytosolic
ornithine and intramitochondrial citrulline, an essen-
tial step in the urea cycle.
4. Carnitine carrier
In mammalian mitochondria the carnitine/acylcar-
nitine translocase (CACT) catalyzes the entry of
acylcarnitines of various lengths in exchange for
free carnitine into the mitochondrial matrix where
the acyl moieties are oxidized by the enzymes of
the L-oxidation pathway. CACT was cloned from
rat and man, and its primary structure assigned it
to the mitochondrial carrier family [18,19]. Crc1p is
the closest yeast protein to CACT, being 29% iden-
tical. Furthermore, CRC1 is the only gene in S. ce-
revisiae encoding a member of the mitochondrial car-
rier family that has a promoter region containing an
ORE (oleate-responsive element) and whose tran-
scription has been shown to be induced by oleate.
CRC1 could not be expressed in E. coli, possibly
for disparate codon usage problems. Therefore, we
overproduced Crc1p with a C-terminal histidine tag
in S. cerevisiae and puri¢ed it by Ni2-agarose chro-
matography [20]. The puri¢ed protein was reconsti-
tuted into proteoliposomes where its transport char-
acteristics were investigated. It transports carnitine
and, with equal e⁄ciency, acetylcarnitine and pro-
pionylcarnitine. By contrast, medium- and long-
chain derivatives are transported to a much lower
extent.
In the light of the transport properties of the yeast
Crc1p, it is likely that the main physiological role of
the yeast carnitine carrier is to import acetylcarnitine
(generated in the peroxisomes where, in S. cerevisiae,
fatty acid L-oxidation is restricted) into the mito-
chondrion in exchange for free carnitine. This con-
clusion is consistent with the co-regulation by oleate
of the CRC1 gene and the CAT2 gene encoding the
major fungal acetylcarnitine. Thus, as with the orni-
thine carrier, the di¡erences between the yeast carni-
tine carrier and its mammalian counterpart have
been found to re£ect the di¡erent metabolic subcel-
lular compartmentalization. In mammals, the carni-
tine carrier has probably evolved to bind and trans-
port medium- and long-chain fatty acids with high
e⁄ciency. Crc1p may also participate in the oxida-
tion of the fermentation product ethanol, which is
converted to acetate and then activated to acetyl-
CoA in the cytosol. The acetyl moiety would then
be transferred to L-carnitine by the acetylcarnitine
transferase located in the mitochondrial outer com-
partment which is encoded by the YAT1 gene whose
expression is induced by ethanol and acetate but not
by oleate.
5. Dicarboxylate carrier
5.1. Identi¢cation of the yeast dicarboxylate carrier
Whereas in the case of the yeast carnitine carrier
we took advantage of the comparison between the
yeast putative carriers and the mammalian sequences
of known function, our work pointed out some pit-
falls in the argument of homology as an indicator of
function. In fact, we identi¢ed the product of the
most closely related yeast sequence to the mamma-
lian oxoglutarate carrier as the yeast dicarboxylate
carrier from its transport properties and kinetic char-
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acteristics after bacterial expression and functional
reconstitution [21]. This transporter was originally
identi¢ed in rat liver mitochondria [22]. It catalyzes
an active electroneutral exchange of dicarboxylates
(e.g., malate and succinate) for inorganic phosphate
[22^24] and certain sulfur-containing compounds
(e.g., sulfate and thiosulfate) [25,26]. The substrate
speci¢city and the inhibitor sensitivity of the re-
combinant yeast protein were the same as those de-
termined previously for the dicarboxylate carrier in
rat mitochondria [24] and after its puri¢cation from
rat [27] and from yeast [28].
5.2. Metabolic signi¢cance of the yeast dicarboxylate
carrier
To gain insight into the physiological role of the
dicarboxylate carrier we deleted the nuclear gene en-
coding this carrier in S. cerevisiae by homologous
recombination of the HIS3 gene [29]. The deletion
mutant (vDIC strain) failed to grow on ethanol or
acetate as the sole carbon source, but was viable on
other non-fermentative and fermentative carbon
sources. Furthermore, the growth of the dicarboxy-
late carrier knock-out strain on ethanol or acetate
was restored by the addition of low concentrations
of oxaloacetate, aspartate, glutamate, oxoglutarate
and citrate, but not of succinate, leucine and lysine
(which are unable to generate intramitochondrial
Krebs cycle intermediates in vDIC cells). For com-
parison, it is interesting to mention that in the case
of the yeast mutant lacking the gene for the succi-
nate^fumarate carrier the lack of growth on acetate
or ethanol was not restored by the addition of any of
the above-mentioned compounds (L. Palmieri, A.
Vozza, unpublished data).
In S. cerevisiae growing on ethanol or acetate the
dicarboxylate carrier catalyzes the import of succi-
nate in exchange for internal phosphate. Since the
latter is recycled into mitochondria by the phosphate
carrier, the combined activity of the dicarboxylate
carrier and the phosphate carrier leads to a net up-
take of succinate. The conversion of succinate to
fumarate and oxaloacetate within the mitochondrion
allows the oxidation of acetyl-CoA produced from
ethanol or acetate and triggers the activity of the
succinate^fumarate carrier. Our ¢ndings [8,21,29] in-
dicate that the primary function of the dicarboxylate
carrier is to catalyze the entry of cytoplasmic dicar-
boxylates into the mitochondrial matrix and call into
question the generally-accepted view that this carrier
is involved in gluconeogenesis by exporting malate
from the mitochondria [30]. This idea is also sup-
ported by one of our ¢ndings, i.e., the repression
of the dicarboxylate carrier expression by ethanol
or acetate [29]. Clearly a lower activity of the dicar-
boxylate carrier would favor the utilization of cyto-
solic succinate by the succinate^fumarate carrier and
thereby the gluconeogenic pathway. Moreover, after
the recent discovery of the succinate/fumarate carrier
in yeast [8], the proposed role of the dicarboxylate
carrier in gluconeogenesis is, at least in yeast, un-
necessary.
5.3. Cloning the human mitochondrial dicarboxylate
transporter via the distant homologs in yeast and
Caenorhabditis elegans
The biochemical characteristics of the puri¢ed rat
protein have been extensively studied [31], but be-
cause the protein is not abundant, for a long time
its amino acid and nucleotide sequence remained un-
determined. After the identi¢cation of the S. cerevi-
siae gene encoding the yeast dicarboxylate carrier,
this sequence was used to identify the orthologous
protein in Caenorhabditis elegans, and in turn the
latter was used to establish the sequence of the rat
and human orthologs [32,33]. Since yeast and man
are too distant for the yeast sequence to provide a
feasible basis for cloning the mammalian counter-
part, we ¢rst compared the yeast dicarboxylate car-
rier with the proteins encoded in the genome of C.
elegans. The most closely related protein (named
K11G12.5), upon bacterial expression and functional
reconstitution into phospholipid vesicles, was dem-
onstrated to be the C. elegans dicarboxylate carrier
from its transport characteristics [32]. The sequence
of the C. elegans dicarboxylate carrier was then com-
pared with protein sequences encoded in mammalian
expressed sequence tags (EST). In this way, two par-
tial murine ESTs were found to encode a fragment of
a related protein. Synthetic oligonucleotides based on
their sequences were ¢nally used to amplify by PCR
the rat and the human full-length cDNAs [32,33].
The rat protein, expressed in E. coli and reconsti-
tuted into phospholipid vesicles, was shown to have
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transport speci¢city and other characteristics that
were very similar to those of the dicarboxylate carrier
isolated from rat liver mitochondria. The kinetic pa-
rameters of the dicarboxylate carrier are virtually the
same in all species investigated pointing to a con-
served metabolic signi¢cance. By Northern and
Western blot analyses it was shown that the dicar-
boxylate carrier is present in high amounts in rat
mitochondria from liver and kidney and at lower
levels in mitochondria from heart and brain [32,33].
The presence of the dicarboxylate carrier in heart
and brain where gluconeogenesis does not operate
suggests that this carrier functions in these tissues,
as in yeast, exclusively catalyzing supply of sub-
strates to the Krebs cycle.
6. Oxaloacetate carrier
The S. cerevisiae gene OAC1 (ORF YKL120w)
encodes a member of the mitochondrial carrier fam-
ily (previously known as PMT) that is 29% identical
to the yeast DIC, its closest relative in yeast, and
30% identical to the bovine 2-oxoglutarate/malate
carrier. Furthermore, Oac1p and the dicarboxylate
carrier are the only carriers that cluster on a phylo-
genetic tree with the bovine oxoglutarate/malate car-
rier (and the uncoupling protein) [5]. We therefore
assayed the bacterially expressed and reconstituted
YKL120w protein for transport of various substrates
of the dicarboxylate and the oxoglutarate carriers. It
was found that the main substrates of the oxogluta-
rate and the dicarboxylate carriers (namely oxoglu-
tarate, malate, succinate and phosphate) are poorly
transported by this carrier, whereas oxaloacetate and
sulfate are transported very e⁄ciently [34]. Oac1p
catalyzes both uni-directional transport and coun-
ter-exchange of substrates. As the S. cerevisiae pyru-
vate carboxylase is cytoplasmic, one physiological
role of Oac1p is probably to catalyze the uptake of
oxaloacetate into mitochondria, a role supported by
the higher transcript level in synthetic medium than
in rich medium [35]. The OAC1 gene is not essential
for growth of S. cerevisiae, and it is likely that in the
absence of Oac1p, oxaloacetate is converted into ma-
late in the cytoplasm and malate enters the mito-
chondrion via the dicarboxylate carrier in exchange
for phosphate. A role in anaplerosis for both the
oxaloacetate and the dicarboxylate carrier is consis-
tent with the failure of a yeast strain with both car-
rier genes deleted to grow on non-fermentable car-
bon sources [34]. Another possible role for Oac1p
may be to transfer reducing equivalents from the
mitochondrial matrix to the cytosol by catalyzing a
malate/oxaloacetate exchange when the intramito-
chondrial concentrations of NADH and malate are
high.
7. Oxodicarboxylate carrier
The Oac1p and the dicarboxylate carrier are the
only proteins with signi¢cant sequence homology to
the bovine oxoglutarate carrier, and so it is unlikely
that S. cerevisiae has an oxoglutarate/malate carrier.
One important di¡erence between animal and yeast
mitochondria is the mechanism for re-oxidation of
cytosolic NADH. In animals, the oxoglutarate/ma-
late and glutamate/aspartate carriers produce a net
transport of reducing equivalents from the cytosol to
the mitochondrial matrix by the aspartate^malate
shuttle. In S. cerevisiae and in plants, cytosolic
NADH is oxidized on the exterior of the inner mi-
tochondrial membrane, making the presence of the
oxoglutarate/malate carrier unnecessary. Incidentally
our results indicate that no uncoupling protein or-
tholog is present in yeast mitochondria which is in-
deed what was expected from accumulated bioener-
getic experiments concerning this issue.
ODC1 and ODC2 (genome designation YPL134c
and YOR222w, respectively) encode two closely re-
lated members of the mitochondrial transporter fam-
ily (61% identity; 88% similarity). They have no sig-
ni¢cant homology to the bovine 2-oxoglutarate
carrier (24% and 25% identity, respectively). How-
ever, when comparing the sequences of the yeast pu-
tative mitochondrial carriers, Odc1p and Odc2p ap-
pear to cluster on a phylogenetic tree together with
the succinate^fumarate carrier [5]. This carrier trans-
ports succinate and fumarate with high a⁄nity and,
much less e⁄ciently, other dicarboxylates including
oxoglutarate. Therefore, we thought to investigate
whether the recombinant Odc1p and Odc2p might
transport oxoglutarate and other substrates of the
previously identi¢ed succinate^fumarate carrier. By
overexpressing them and by investigating the trans-
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port properties of the puri¢ed proteins reconstituted
into phospholipid vesicles, we identi¢ed them as iso-
forms, both involved in the transport of the oxodi-
carboxylates 2-oxoglutarate and 2-oxoadipate by a
strict counter-exchange mechanism (L. Palmieri, un-
published data). The oxodicarboxylate carrier also
transports the corresponding dicarboxylates and to
a lower extent malate. Both isoforms were found to
be located in the inner membranes of mitochondria.
The main physiological role of the oxodicarboxylate
carrier in S. cerevisiae is probably to take 2-oxoglu-
tarate and 2-oxoadipate synthesized in the mitochon-
drial matrix to the cytosol where they are used for
glutamate and lysine formation, respectively. The
more abundant isoform in the presence of nonfer-
mentable carbon sources (Odc1p) is strongly re-
pressed by glucose. Interestingly, the expression of
ODC1 was found to increase relative to the parental
strain following adaptive evolution in aerobic glu-
cose-limited conditions [36]. In this respect, amongst
all yeast mitochondrial carriers ODC1 is the only one
to behave similarly to AAC2 and MIR1. The latter
two genes encode transporters directly involved in
ATP generation (the ADP/ATP and the phosphate
carrier, respectively), whereas Odc1p would seem to
be relevant to the export of metabolites required for
fundamental assimilatory reactions.
8. Concluding remarks and perspectives
The experimental approach used in the studies re-
ported above should make it possible to identify oth-
er yeast genes encoding members of the mitochon-
drial carrier family in the near future. From a
metabolic point of view, the presence in S. cerevisiae
of 23 yet-unidenti¢ed mitochondrial carriers (in ex-
cess to the previously characterized mitochondrial
transport activities) indirectly points to the existence
of metabolic pathways involving transport processes
over the mitochondrial membrane that have so far
escaped discovery. It is likely that the identi¢cation
of these genes will provoke interesting bioenergetic
and metabolic research.
Although metabolite transport across the mito-
chondrial inner membrane has been widely investi-
gated over the last 30 years, knowledge of the role
played by individual mitochondrial transporters in
cell metabolism is still limited. In most cases the
metabolic signi¢cance of these carriers has been in-
ferred from their transport properties and organ dis-
tribution. In addition, e¡orts have been made to elu-
cidate the pathways of metabolism in which
mitochondrial transporters are involved by using in
whole cells more or less speci¢c transport inhibitors
that had been discovered in studies with isolated mi-
tochondria. However, the interpretation of these data
is questionable since intact cells are far more com-
plex than isolated mitochondria. The biochemical
identi¢cation of individual transporters and the char-
acterization of yeast knock-out strains are powerful
tools for shedding light on the physiological signi¢-
cance of the mitochondrial carrier proteins in cell
metabolism. Furthermore, as exempli¢ed here for
the dicarboxylate carrier [32,33] it is possible to iden-
tify the mammalian (human) mitochondrial carriers
via the distant homologs in S. cerevisiae. As it pro-
vides the entire set of mitochondrial carriers within a
single organism, yeast will serve as a valuable re-
source for linkage of functions and sequences. As
we had done with the dicarboxylate carrier [32],
more recently Camacho et al. [37] used the yeast
ORT sequence to isolate the cDNA of the human
ornithine carrier.
In addition, high-yield expression of mitochondrial
transporters allows the use of site-directed mutagen-
esis for elucidating structure^function relationships,
and may provide su⁄cient amounts of active trans-
port proteins for crystallization. Indeed, a complete
elucidation of the translocational events occurring
through each individual mitochondrial carrier will
require both functional and structural analysis. Ex-
tensive kinetic and thermodynamic information is
accumulating thanks to functional studies of many
mitochondrial carriers in the reconstituted system.
This, together with the expected close relationship
of their three-dimensional structures, makes the mi-
tochondrial carrier family an attractive model for
understanding the catalytic mechanism of biological
transport at a molecular level.
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